Hudson Bay freezes). We quantified age and sex class and estimated body condition of bears visiting the camps: adult males were most prevalent at Nester One camp close to where adult males congregate at Cape Churchill, whereas the two camps farther south were visited more frequently by females with dependent young, likely traveling to and from a known maternal denning area. Few sub-adults were observed. As expected, body condition scores declined throughout the on-shore season. Our method of monitoring polar bear occurrence on shore is robust, cost-effective, and non-invasive, and so may provide an economical complement to data gathered through more conventional techniques.
Introduction
Current scientific knowledge of the causes and dynamics of conflicts between people and polar bears is insufficient for managing such conflicts; a problem that has become increasingly urgent as changes in the Arctic climate accelerate (Osvyanikov 1996; Clark 2003; Clark et al. 2012; Boisen 2014) . Polar bears (Ursus maritimus) depend on sea ice to catch seals, which constitute the majority of their total annual diet. Where sea ice melts entirely in the summer, bears move onto shore and feed only opportunistically (Ramsay and Hobson 1991) . As such, polar bears are particularly vulnerable to further reductions in the total number of days in which sea ice is present, which ultimately affects reproductive success, survival, and long-term population sustainability (Stirling et al. 1999; Derocher et al. 2004) . Climate change-driven alteration of sea-ice dynamics have resulted in changes in polar bear habitat use (Ferguson et al. 2000; Pilfold et al. 2015) . Earlier ice breakup has also been associated with increased mortality in juvenile, sub-adult, and senescent polar bears (Regehr et al. 2007 ). Although it is well established that reduced sea ice is detrimental to polar bear populations (Stirling et al. 1999; Derocher et al. 2004; Amstrup et al. 2010; Hunter et al. 2010; Molnár et al. 2010 Molnár et al. , 2011 Rode et al. 2010; Castro de la Guardia et al. 2013; Whiteman et al. 2015) , knowledge about the specific nature and extent of effects from reduced access to sea ice on polar bears remains incomplete (Molnár et al. 2010 (Molnár et al. , 2011 , and even where ice persists predation rates may decrease under changing environmental conditions (Pilfold et al. 2015) . How the frequency, timing, spatial distribution, or outcomes of bear-human conflicts is affected by nutritional stress on polar bears resulting from changing and decreasing sea ice is still only known in generalities and this is a critical knowledge gap with far-reaching implications .
Sea-ice extent, structure, and thickness in the Canadian Arctic and sub-Arctic have seen dramatic changes in recent decades, with climate change causing a drastic reduction in the duration of ice coverage, especially along the southern edges (Perovich and Richter-Menge 2009) . Changing ice phenology has the potential to increase the frequency of polar bear-human interactions, as nutritionally stressed bears may be more inclined to seek out anthropogenic sources of food (Stirling and Derocher 2012) . Wapusk National Park, Manitoba, Canada contains two established (circa 1960s) and two new fields camps used by Parks Canada staff and researchers, and park staff raised concerns that the newly established camps may be serving as an attractant to polar bears. The park lies along the Hudson Bay coast: the bay is historically and currently ice free in the summer (mid-August-late October), and current climate change-induced trends display a lengthened ice-free period caused by earlier breakup and later freeze-up (Gagnon and Gough 2005) . Here and elsewhere in the Arctic, polar bear-human conflicts are much more frequent in the absence of sea ice (Gjertz and Persen 1987; Fleck and Herrero 1988; Stenhouse et al. 1988; Gjertz et al. 1993; Gjertz and Schie 1998; Dyck 2006; Boisen 2014) . Consequently, present and future park management decisions demand detailed knowledge of what may increase or decrease the likelihood of such conflicts. To quantify the potential for human-bear interaction at these camps, which are the park's primary infrastructure, we installed a series of remotelyactivated trail cameras to monitor bears visiting these camps.
With these data, we tested a series of preliminary hypotheses about factors that might be attracting or repelling bears from remote field camps in this seasonally ice-free region.
Trail cameras have become an increasingly common tool for ecologists (Rowcliffe and Carbone 2008) . Camera trapping has been used to monitor biodiversity (Ahumada et al. 2013; Gessner et al. 2014 ), estimate population density (Carbone et al. 2001; Rovero and Marshall 2009) , and quantify activity patterns (Bridges et al. 2004; Campbell et al. 2006; Suselbeek et al. 2014; Stolle et al. 2015) . This paper characterizes the temporal patterns of polar bear occurrences at field camps along the Hudson Bay coast in Wapusk National Park, in the context of current knowledge about the polar bear-seaice relationship in western Hudson Bay. We also examine body condition and the temporal patterns among polar bear cohorts from our non-random study sites. To be clear, this study was not intended to sample or draw conclusions about the western Hudson Bay polar bear population. Our goal is very site-and context-specific: to understand the patterns and nature of polar bear activity at these specific field camps, and to identify potential factors influencing that distribution, for further investigation. We consider what our findings to date mean for managing human-polar bear interactions and what they suggest will be needed to improve scientific understanding of the potential drivers of such interactions. Relating trends in these observations to changes in Arctic sea-ice timing and duration could provide valuable insight for managing a vulnerable species in a changing Arctic environment. Based on our experience with this study, we evaluate the feasibility of using trail camera data more broadly to non-invasively monitor polar bear activity and distribution on land in relation to annual sea-ice dynamics, and evaluate the feasibility of using these data as a tool in polar bear conservation efforts.
Methods

Study site
We collected data at three remote field camps in Wapusk National Park, Manitoba, Canada, distributed along the west coast of Hudson Bay (Fig. 1) , several km inland (Nester One = 2.3 km, Broad River = 4 km, Owl River = 6 km). During the summer and early autumn, our study area is frequented by a large proportion of the western Hudson Bay population of polar bears which come ashore during the months when Hudson Bay is ice free (Stirling et al. 1977 Derocher and Stirling 1990; Stapleton et al. 2014a) . Population dynamics and habitat use of this population have been extensively studied (e.g., Derocher and Stirling 1995; Lunn et al. 1997; Regehr et al. 2007; Cherry et al. 2013 ), yet virtually nothing is known about polar bear-human interactions outside communities in this region. In the late summer and autumn, bears (primarily adult males) congregate at Cape Churchill in the north-eastern corner of the Park (Latour 1981) . Nester One is much closer to Cape Churchill (14 km) than Broad (75 km) and Owl River (110 km). The documented distribution of polar bears in our study area during the ice-free period is largely associated with the Hudson Bay coastline, with the exception of females that travel considerable distances inland to a maternal denning area (Stirling et al. 1977; Derocher and Stirling 1990; Clark and Stirling 1998; Towns et al. 2010) . Males tend to be found closer to the coast than females (mean = 5 and 8 km for September and October, respectively, for males; 21 and 42 km for females; Derocher and Stirling 1990; Clark and Stirling 1998) .
These field camps are used intermittently throughout the year by park personnel, researchers, and field courses. Usage numbers are lacking, but Nester One receives the highest level of visitation, with two, week-long field courses each August (maximum 16 people). Currently, Broad and Owl River camps are used primarily by small groups of park staff in the late winter, spring, and early summer. Camps are accessed by helicopter in the summer and by snowmobile in the winter and spring.
Trail cameras
We deployed Moultrie © (2010 only) and Reconyx © PC-900 trail cameras (2011-present) at the three camps, with six cameras per year on average (range four to eight) at each site, with at least one camera placed in each cardinal direction ( Fig. 2) . Each camera was protected by a Reconyx Heavy-Duty Security Enclosure, fastened with tamperproof bolts (to avoid tooth damage to curious bears from padlock hasps), and attached 85 cm above ground to the camps' fenceposts using lag bolts, facing outwards. In 2010, Moultrie cameras were mounted on 5 cm × 10 cm wooden boards just inside the fence wire. Cameras were left on default settings (high detectability and high-resolution images) and recorded three images, one second apart, at each activation (followed by a 10 s delay). All cameras had a 'covert' infrared flash, which is invisible to animals to avoid affecting the behaviour of animals photographed when the flash is triggered at night (Gibeau and McTavish 2009) . Memory cards and batteries were replaced and images collected once per year in late June-early July of each year.
Data preparation and analysis
We quantified the number and time of visits by polar bears to each of the three camps. We defined an individual camp visit as any time any camera at a camp took a picture (presence) of at least one bear or family group (mother with dependent young). Subsequent presences of bears detected by any camera at the same camp within an hour of the previous presence were considered to be the same visit, unless we could clearly ascertain the presence of multiple individually distinguishable bears present at camps at the same time, which only occurred once, with two family groups. Although the resolution and nature of the photographs precluded identifying each individual bear, in nearly all cases, we were able to confirm with confidence that photos of bears taken within our 1-h moving window were the same bear/family group. Each polar bear detection outside of the 1-h window was considered a unique detection whether it was by the same polar bear that returned later, or as was more often the case, a different bear visiting camps. This 1-h moving window performed well, as we often had single visits, where bears went undetected for >0.5 h, but after this 1-h cutoff, almost all subsequent photos of bears could reliably be considered a new visit (either a different bear/ group, or the same bear returning at least ~12 h later). All statistical analyses were performed using R version 2.14.1 (R Core Team 2014).
Diurnal and seasonal distribution of visits
We performed a Kuiper's one-sample test of uniformity on the circle (R package 'circular', Agostinelli and Lund 2013) to test whether bear visits were evenly distributed throughout the day.
We used data from Cherry et al. (2013) to determine the mean date that polar bears in the western Hudson Bay population were expected to arrive on shore in the summer and depart on sea ice in the autumn as a function of seaice extent (Canadian Ice Service 2013) in different years. Cherry et al. (2013) found that polar bears arrived ashore a mean of 28.3 days (SE = 1.8) after the ice coverage of Hudson Bay had shrunk to 30% and returned to the sea ice an average of 2.5 days (SE = 0.7) after 10% of the surface of Hudson Bay was covered in ice. Using these formulae and data from the Canadian Ice Service (2013), we calculated the expected date range that polar bears should be ashore for each year of our study (2010) (2011) (2012) (2013) (2014) ; hereafter "on-shore season"). Based on these models, the mean expected date of arrival of bears on shore during the study period was August 4th (range: July 5th-August 12th) and the mean expected date of departure onto sea ice was November 24th (range: November 20th-29th) across all four years.
We converted the date of polar bear visits to camps that were detected by our camera traps to a relative proportion of the on-shore season for that year (where 0 = the mean date that bears were expected to arrive ashore that year based on ice conditions and 1 = the mean date for their return to the sea ice). We generated a histogram of these relative dates of polar bear occurrence at remote camps during the period in which polar bears were expected to be on land. A Chi-squared test was used to determine if polar bear visits were non-randomly distributed throughout the year (separated by month) as well as throughout the on-shore season, separated into five bins. We performed a linear regression to determine if mean body condition significantly declined throughout the ice-free period when bears are on land, as well as across years as a function of the length of the onshore season. We then calculated the probability of bears visiting each of the three camps for each month by dividing the total number of bear visits that occurred at the camp in a given month (pooled across years), by the number of active camera days during that calendar month for the duration of the study.
Characteristics of bears visiting camps
We estimated bear body condition from images using the standardized, visually-assessed body condition index ranging from 1 (very skinny) to 5 (very fat) as defined by Stirling et al. (2008) . For mothers with cubs, we only assessed the body condition of the mother, and for all bears, we only assigned a score if we could see at least the entire torso in lateral view, or the full hindquarters and flank. When possible, we recorded the age and sex class of the individual(s) that visited the camps (lone males, lone females, sub-adults, females with cubs of year [assumed to have been born ~Jan-uary 1st and less than 1 year of age, Stirling et al. 1999] , and females with older cubs). Body condition and age and sex-class assignments were made by consensus between the two authors having multiple years of field experience with polar bears (DAC and RKB). This approach follows the standard practice for visually assessing body condition in the field, yielding measures that-while coarse-are comparable across different regions and studies, and relatively insensitive to classification error (Stirling et al. 2008 ). Age-sex-class determination was based on visual criteria, including: presence of dependent young, visible penile hair or tail-area urine staining, head length/width ratio, observations of nipples, muzzle scarring, and whether body mass was carried primarily in the hindquarters (female) or more evenly distributed anterior-posterior (male). Apparent animal size in the camera frame was not used as a criterion, because we could not reliably determine the bears' distance from cameras. Due to small sample sizes of polar bears detected at the Owl River camp, we combined data from Owl River and Broad River camps when analyzing demographic data. We used a Chi-squared test to test whether there was a difference in the distribution of age/sex classes visiting Nester One versus the two river camps.
Results
We recorded a total of 247 polar bear visits across the three field camps from July 2010-June 2014 (see Online Resource 1 for full breakdown of visits by month/camp for each year). Overall, this represents a mean of ~62 visits per year, representing about 6% of the total population of the western Hudson Bay population (~1030 bears), as estimated by Stapleton et al. (2014a) . Most (74.9%) of polar bear visits to camps were recorded on more than one camera (mean = 2.85 cameras/individual polar bear visit to a camp, SE = 0.10). Polar bear visits were not equally distributed across the three camps (F 2,6 = 19.7, p = 0.002). Polar bears were detected with the highest frequency at Nester One (143, 57.9%) in all years, followed by Broad River (87, 35.2%), and Owl River (17, 6.9%).
Diurnal and seasonal distribution of visits
We found that bear visitation time was non-randomly distributed throughout the day (Kuiper's test: 3.32, p < 0.01). Bears visited camps less frequently at night and more frequently during the day. Polar bear visits to camps were non-randomly distributed through the year (Χ 2 = 439.8, p < 0.0001), and throughout the on-shore season (Χ 2 = 73.2, p < 0.0001).
Polar bears visited the camps predominantly (77.3% of all detections) during the on-shore season as identified using Cherry et al.'s (2013) data, i.e., from mean dates of August 4th-November 25th. The number of bear detections increased throughout the on-shore season, and peaked in the first week of November, before the mean date that bears returned to the sea ice (Fig. 3) . The number of visits declined sharply after freeze-up and approached zero 16 days after 10% freeze-up. Daily probabilities reflect a similar pattern, with the probability of encountering a bear increasing over the course of the on-shore season and peaking in November before declining in December (Fig. 4) .
Characteristics of bears visiting camps
Of 247 bear visits to camps, we were able to quantify a body condition score for 204 bears (83%). We only had Dates were calculated using data presented by Cherry et al. (2013) and data from the Canadian Ice Service (2013), with 0 representing the mean date in which polar bears were expected to come ashore and 1 representing the mean date in which they were expected to return to the ice (see "Methods" for full calculation) partial photographs of bears in the remaining 17% of bear visits. The percentages of bears classified at each body condition score from 1 to 5 were 0.5, 17.2, 65.7, 15.7, and 1.0% respectively. Mean body condition decreased throughout the year (β = −0.0033, SE = 0.0008 body condition index score/day, p < 0.0001, Fig. 5 ). We did not detect a difference in body condition as a function of the length of the on-shore season from 2011 to 2014 (p = 0.23). We did not have sufficient data to include body condition scores for 2010. We were able to ascertain the age/sex class of 207 bears, and detected a total of 23 lone females, 32 females with cubs of year, 26 females with older cubs, 93 lone males, and 33 sub-adults. We were unable to confidently identify the age/sex class of 40 (16.2%) of the bears photographed, because photos contained only part of a bear. We detected differences in the dominant age/sex class as a function of camp (Χ 2 = 15.2, p = 0.0042; Fig. 6 ). Bear visitation at Nester One was dominated by lone adult males, whereas visitation at the more southern river camps-farther from optimal summer polar bear habitat and closer to the maternal denning area-was dominated by females with cubs of year.
Discussion
Our finding that polar bears visited camps in Wapusk National Park almost exclusively during months when Hudson Bay was ice free is consistent with the previous published studies on polar bear distribution and activity patterns (Stirling et al. 1977; Derocher and Stirling 1990; Clark and Stirling 1998; Cherry et al. 2013) . Although finding was unsurprising, it is notable that these data, collected for the specific purpose of examining polar bear-human interactions, are also able to detect the relative seasonal frequencies and timing of polar bears on shore in our study area with high precision.
Especially intriguing, and highly relevant for polar bear-human conflict management, was the temporal distribution of polar bear visits throughout the ice-free season, which increased over time, peaking in early November before declining sharply as bears left on newly formed ice. Latour (1981) observed a similar abrupt increase in bears at Cape Churchill in November in the period before sea ice begins to establish. Derocher and Stirling (1990) also found that distance from the coast for all age and sex classes (except pregnant females in the denning area) dropped markedly and movement rate increased in November; however, movement rate was also high in August and distance to the coast was low in July. This would suggest a potential bi-modal distribution of visits, with a peak early in the season as bears come ashore as well as the peak we detected in late October/ early November when bears move onto the new ice. As described by Clark and Stirling (1998) , this likely reflects non-pregnant female bears moving purposefully to inland summer habitat early on in the ice-free season and later returning, versus remaining active around the coast anticipating freeze-up. Application of such findings to minimizing polar bear-human conflict is straightforward. For example, park managers can use the probabilities shown in Fig. 4 to determine thresholds of acceptable risk of encounter and then schedule their field activities accordingly. Camps were generally occupied by people earlier in the ice-free season when bear activity around camps was lower. It is possible that human camp use may affect the distribution of bear visits to camps; however, given the timing of human camp use, such an effect was not possible to disentangle from seasonal effects resulting from changing ice phenology entraining polar bear movement ecology.
It appears that the relatively small absolute distance from the coast to these camps is not a deterrent to bears, but it is sufficient to influence the occurrence of different age and sex classes. Experienced local land users report that family groups use rivers to navigate from the denning area to the bay (D. Clark, unpublished data), and family groups returning to the bay in spring are known to follow a consistent northeasterly bearing that roughly parallels the main rivers (Ramsay and Andriashek 1986) , therefore seeing a greater number of females with cubs at the more southerly camps situated along rivers was consistent with previous findings. Representation of age and sex classes raises further questions. Females with cubs of year were seen with greater frequency than females with older cubs. This is likely largely due to cub mortality, which for the western Hudson population ranges from 20 to 40% (Stirling et al. 1999) . Regehr et al. (2007) suggested that declining environmental conditions could be associated with increased cub mortality and a shortened inter-birth interval for female polar bears in the western Hudson Bay population. This would, therefore, result in an increased proportion of females with cubs of year.
Given that sub-adults are consistently more often involved in human-polar bear encounters than other demographic classes (Clark et al. 2012) , we had expected to see a greater proportion of visits from this group. The fact that we observed relatively few sub-adults suggests that either sub-adults in this population have become warier of human infrastructure through some unknown mechanism, or they are simply low in this population due to unfavourable environmental conditions and low juvenile survival. Two recent independent field studies raised concerns about low juvenile survival in this population (Stapleton et al. 2014a; Lunn et al. 2016 ), so we speculate the latter explanation is more likely, giving urgency to improving efforts to understand demographic changes in this population more accurately. However, we cannot rule out the possibility of behavioural or distributional changes in the younger generations of bears in this population that make them less likely to be observed by our cameras. In western Hudson Bay, monitoring the demographic structure of polar bear populations will clearly be crucial to documenting populationlevel responses to changing environmental conditions.
Our finding that polar bear body condition declined later in the on-shore season was consistent with the literature, as polar bears typically feed little and lose weight while on land. This trend has been noted by several other authors (Ramsay and Hobson 1991; Derocher et al. 1993; Atkinson and Ramsay 1995; Whiteman et al. 2015) ; however, the fact that we were able to detect this trend inexpensively and non-invasively using camera traps is novel. As more data become available, we anticipate that using this method to monitor the condition of bears inter-annually, most notably in relation to sea-ice availability and the length of the onshore season could usefully inform polar bear conservation efforts in this region and elsewhere.
Camera trapping has become widespread in wildlife research (Rowcliffe and Carbone 2008) and shows clear promise for studying aspects of polar bear ecology in a dynamic and remote environment. Morphometric analyses of polar bear camera trap data show promise in quantifying metrics that could be used for standardizing age/ sex determination and body condition scoring of bears (Berard et al., unpublished data) . Traditional methods of studying polar bears, such as telemetry collaring, provide invaluable insights into polar bear movement and habitat selection; however, they have limitations. Collaring bears is expensive and time-consuming, limiting the number of animals that can potentially be collared. Capture and collaring have also been met with considerable concerns from northern communities due to both the perceived impacts on bears (McDonald et al. 1997) , as well as a cultural perception of collaring being an inappropriate form of interaction with these animals (Tyrrell 2006; Stapleton et al. 2014a ). As such, obtaining approval from northern communities for the use of collars in studying polar bears is not always assured. A changing Arctic environment could also pose challenges to the current mark-recapture methods, as less sea ice could make capture more challenging and increase the risk of mortalities with bears being more stressed and having a lower body weight due to climate change (Derocher et al. 2004 ). This combination of influences has recently provided an impetus for researchers to explore new options for monitoring of polar bear populations (Stapleton et al. 2014a, b) . Prospectively, we expect such emerging methods to ultimately provide an important complement to telemetry-collar data.
One of the most attractive features of remote cameras over conventional monitoring methods, such as collaring, is their relative cost effectiveness. Collaring bears is not an inexpensive procedure, costing upwards of $6,000/animal for staff time and accommodations, helicopter, associated fuel costs, immobilization drugs, and collar purchase. Typically, several hundred animals must be handled during a robust mark-recapture study. Since 2011, our study used a total of 18 Reconyx trail cameras at a cost of $900 USD each, plus memory cards ($70 each), and batteries ($55/ camera/year). Camera life expectancy under these field conditions is estimated at 5-6 years, and we have only had two camera failures to date in over 40 camera-years of year-round deployment. Overall, we have spent a total of ~$42,000 USD since 2011, for an average operating cost of ~$14,000 USD per year, which includes camera costs, annual helicopter flights to collect data, batteries, and camera maintenance. Our project is also much less time intensive; staff time is very limited as fieldwork can be done for the entire project in 2 days per year and the flights are often coordinated with other concurrent research projects to save costs. Once the cameras are deployed, they only need to be visited once per year to retrieve images and change batteries. Although our cameras detected people using the field camps throughout the year, we did not have any issues with tampering with cameras.
Our method of observing polar bear occurrences, while promising, has limitations. There may have been a small proportion of bears that approached camp but were not detected by the cameras, since they did not cover the entire fenced perimeter. However, given the cameras' sensor geometry, bears would need to approach and leave camps from nearly the same angle to avoid detection. This is possible but unlikely to be frequent enough to affect our data. Images clearly show that most bears approaching camp come to within a few meters of the fence and then walk parallel to it, often investigating (and even chewing) the camera housings. In addition, the bears observed were generally detected by more than one camera (mean = 2.85, SE = 0.10). In the context of polar bears' known curiosity (Stirling 2011) , this observed behaviour suggests that if our camera setup is biased, it is towards an increased likelihood of detecting bears. Standardized criteria for age-sex-class differentiation in polar bears should also be developed, so that findings from studies such as this can be reliably compared with others in the future. Of particular relevance for managers, remote camera data are not accessible in real time in remote regions and require manual collection; the potential advantage of real-time data for identifying and intervening in wildlife-human conflict situations is obvious. Camera placement and thus detection radius around camps are limited by having to mount cameras on the camp fences. Securely mounting cameras in a largely treeless environment is difficult, because polar bears regularly investigate field equipment and will quickly knock over infrastructure not cemented deeply into the ground, significantly limiting deployment options. The challenges in reliably identifying most individual animals limit the utility of camera data for conventional abundance and population dynamics studies, though advances in analytical techniques combined with increasing resolution of the cameras are promising (Rowcliffe et al. 2011 ).
Although we have been able to describe both temporal and spatial patterns of occurrences of polar bears at our study sites, along with some potentially relevant attributes of observed bears, important questions remain. Chief among these is exactly what factors influence those observed patterns. We have not yet collected sufficient data to determine whether human presence in the camps is an attractant or a deterrent and given current camp use levels amassing enough may take considerable time. Focused analysis of the behaviours exhibited by bears on camera would be interesting, but by itself hardly conclusive. Experimentally manipulating camp visitation, especially in autumn when these camps are typically empty, would be instructive and likely provide clearer answers than simply collecting more data with no deliberate changes to camp use routines. An alternative approach, and perhaps more pragmatic, would be to collect contemporaneous data from other camps in the region that are used in autumn, e.g., for polar bear viewing. Similarly, sea-ice breakup and freezeup dates varied little during our sampling period. An earlier breakup would likely put bears ashore in poorer condition on average, and this may influence their likelihood of investigating camps as potential anthropogenic food sources, especially in autumn. Given Lunn et al.'s (2016) findings about the varying sensitivity of different age and sex classes to diminished hunting opportunities, we recommend looking specifically for changes in the demographics among bears coming to camps. Such an effect could be investigated, and the relationship between ice dynamics, nutritional stress on bears, and likelihood of polar bear-human conflicts better understood by continuing this research over a number of years with varying ice conditions.
